Background/Aims: Solute-linked carrier family A1 member 5 (SLC1A5), which has high affinity to neutral amino acids, is essential for glutamine transport and amino acid metabolism in various cancers. However, the role of SLC1A5 in esophageal cancer has not been reported. Methods: SLC1A5 expression in esophageal cancer tissues was detected by immunohistochemistry and western blotting. The effects of SLC1A5 knockdown on the growth, cell cycle, viability, and glutamine metabolism of esophageal cancer cells were investigated with flow cytometry and western blotting. Furthermore, the consequences of SLC1A5 knockdown on tumor growth and survival were also evaluated in vivo using mice carrying esophageal cancer xenografts. Results: SLC1A5 was expressed in 86.5% (32/37) of the cancer tissues from esophageal cancer patients. Moreover, SLC1A5 expression in the cancerous tissues was significantly higher than that in the paired adjacent normal tissues. SLC1A5 knockdown with siRNA (PZ siRNA) in TE-1 cells in vitro significantly decreased cell growth and reduced both leucine and glutamine transport, leading to inhibition of mTORC1 signaling. Additionally, siRNA-mediated SLC1A5 knockdown resulted in cell cycle arrest and apoptosis of TE-1 cells. The survival rate of athymic (nu/nu) male nude mice carrying tumors formed from TE-1 cells transfected with SLC1A5 siRNA (PZ siRNA) was also significantly improved compared with mice carrying tumors formed from TE-1 cells transfected with control siRNA. Tumor size/weight was also significantly lower for the former mice group of mice. Conclusion: Our data indicate that SLC1A5 plays an important role in esophageal cancer both in vivo and in vitro. The inhibition of esophageal cancer growth by targeting SLC1A5 could, therefore, be used as a preoperative therapy for esophageal cancer.
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Introduction
Esophageal cancer is the eighth most common malignancy and the sixth leading cause of cancer-related death in the world [1] . In China, the incidence of esophageal squamous cell carcinoma (ESCC), the most common type of esophageal cancer, exceeds 100 cases per 100, 000 individuals per year. As one of the least studied cancers, treatment options for esophageal cancer are limited, which is a contributing factor to its dismal 5-year survival rate of 18% [2] . Thus, there is an urgent need to develop novel approaches for the treatment of esophageal cancer.
Glutamine plays an important role in tumor cell metabolism because of its shared characteristics with glucose. Both nutrients help to satisfy two important needs for proliferating tumor cells: bioenergetics (adenosine triphosphate (ATP) production) and the provision of intermediates for macromolecular synthesis [3] . Although glutamine is manufactured and maintained at a high level in normal tissues, under tumorigenic conditions, the consumption rate of glutamine far exceeds cellular manufacturing capabilities. As it is no longer produced at adequate levels endogenously, glutamine changes from a non-essential to an essential amino acid in this environment [3] [4] [5] .
Solute carrier family 1 member 5 (SLC1A5), also referred to as ASCT2, is a sodium channel which acts as a high-affinity glutamine transporter in tumor cells [6, 7] . Enhanced SLC1A5 expression has been reported in various cancers and mediates biologically significant effects. Fuchs et al [8] ., for example, have shown that SLC1A5 is responsible for almost all glutamine uptake in human hepatoma cells and is necessary for SK-Hep cell growth and viability. Furthermore, Kim et al [9] . previously demonstrated that HER2-type breast cancer expresses the highest SLC1A5 levels evaluated to date using immunohistochemistry. SLC1A5 expression is also associated with non-small cell lung cancer [10] , lacrimal gland adenoid cystic carcinoma [11] , oral squamous cell carcinoma [12] , pancreatic ductal carcinoma [13] , tongue cancer [14] , and colorectal cancer [15] . Notably, while recent research has shown that SLC1A5 expression is increased in esophageal carcinoma [16] , the biological significance of SLC1A5 in the development and/or progression of esophageal cancer has not been reported.
In this study, we investigated the role of SLC1A5 in esophageal cancer using a combination of in vitro and in vivo approaches. To our knowledge, this is the first time the biological significance of SLC1A5 has been evaluated in esophageal cancer in this manner. Our results suggest that compounds targeting SLC1A5 may provide novel therapy for esophageal cancer.
Materials and Methods

Patient specimens
Tumor specimens were obtained from patients suffering from esophageal cancer who underwent surgical resection at the Affiliated Hospital of Guangdong Medical University. Written informed consent was obtained from all participants. This project was approved by the Ethical Committee of the Affiliated Hospital of Guangdong Medical University. Esophageal cancer and paired adjacent normal tissues were collected during surgery.
Immunohistochemical staining SLC1A5 immunohistochemical staining was performed as previously described [13, 17] . Briefly, formalin fixed, paraffin embedded sections (2.5 mm-thick) were obtained using a Leica RM2235 microtome (Leica, Germany), transferred to adhesive slides, and dried at 62°C for 3 h. To block endogenous peroxidase activity, deparaffinized and rehydrated sections were treated with 0.3% hydrogen peroxide in methanol for 15 min followed by autoclave sterilization in 0.01 M sodium citrate buffer (pH 6.0) for 2 min to expose the antigens. Sections were incubated with a 1:300 dilution of rabbit anti-SLC1A5 antibody (Sigma, USA) overnight at 4°C followed by horseradish peroxidase (HRP)-conjugated secondary antibody for 30 min at room temperature. After incubation with 3, 3′-diaminobenzidine (DAB), SLC1A5 expression was accessed with a light microscope. Negative controls were incubated with phosphate-buffered saline (PBS; Sigma, USA). 
Western blotting
Total protein was extracted from cell/tissues using RIPA buffer (Roche, IN, USA). Protein concentration was quantified with the BCA protein assay (Beyotime, Shanghai, China). The proteins were then separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. Membranes were blocked in 5% fat-free milk in Tris-Tween-buffered saline at room temperature for 1 h followed by incubation with anti-SLC1A5 antibody (diluted 1:300, Sigma, USA), anti-phosphorylated (at threonine 389) ribosomal protein S6 kinase beta 1 (pT389-p70s6K) antibody (diluted 1:1000, Cell Signaling Technology, Inc., USA), anti-phosphorylated (general) p70s6K antibody (diluted 1:1000, Cell Signaling Technology, Inc., USA), or β-actin antibody (diluted 1:1000, Cell Signaling Technology, Inc., USA) overnight at 4°C The membranes were then incubated with peroxidaseconjugated secondary antibodies for 1 h at room temperature. Immunoreactive bands were detected with a chemiluminescent detection system and then exposed using a Versa DOCTM5000MP System (Bio-Rad Laboratories, Inc. USA). Protein band density was quantified using Image software and normalized to that of β-actin (loading control).
Cell culture and transfection
The esophageal cancer cell lines TE-1, Eca109, and EC9706 and the normal esophageal cell line HEEC were purchased from the cell bank of the Chinese Academy of Sciences (Shanghai, China) and were maintained in Roswell Park Memorial Institute (RPMI)-1640 medium (Gibco Life Technologies, USA) containing 10% heat-inactivated fetal bovine serum (FBS; Gibco Life Technologies, USA) at 37°C 100% humidity, and 5% CO 2 . The cells were seeded into 24-well plates and transfected respectively with 40 nM of each SLC1A5 silencing (si)RNA using Lipofectamine RNAiMAX (Invitrogen, CA, USA) according to the instructions provided by the manufacturer. Based on the known SLC1A5 gene polymorphisms, three SLC1A5 siRNA sequences (1520 siRNA, 1966 siRNA, and PZ siRNA) were designed to knockdown SLC1A5 in cultured esophageal cancer cells. Scrambled nucleotide sequence was used as a nontargeting control. All siRNAs were synthesized by GenePharma Biotechnology (Shanghai, China).
Flow cytometry
Apoptosis was evaluated using an Annexin V/PI double staining kit (Merck, Germany) according to the manufacturer's instructions. Briefly, single cell suspensions were incubated with Annexin V solution and stained by propidium iodide (PI) solution for 10 min at room temperature. Then, the cells were harvested and analyzed with a Becton Dickinson FACS CantoII Flow Cytometer (Beckman Coulter, USA).
To analyze DNA content and cell cycle by flow cytometry, the cells were harvested, washed twice with PBS, and fixed with 70% ethanol. Immediately before flow cytometric analysis, the cells were washed twice in PBS and then stained for DNA content using 0.5 ml of 400 µl/ml PI (Sigma, USA) and 100 μg/ml RNAase A (Sigma, USA) in PBS and 38 mM sodium citrate pH 7.4. Data were again collected on a Becton Dickinson FACS Canto II Flow Cytometer. ]-L-glutamine uptake assays were performed as described previously [18, 19] .
Cell culture and L-leucine/L-glutamine uptake assays
Cell proliferation assay
At 24, 48, 72, and 96 hours after siRNA transfection, the cells were seeded into 96-well plates (6.0 x 10 3 cells per well) and counted using a Cell-counting Kit-8 assay (Beyotime, China) to assess the viability of transfected TE-1 cells. The absorbance of each well was read on a spectrophotometer (Thermo Fisher Scientific, USA) at 450 nm.
TE-1 xenografts in nude mice
Athymic (nu/nu) male nude mice (Animal Resource Centre, Southern Medical University, China), 6-8 weeks old, were housed in a specific pathogen-free facility in accordance with the animal ethics committee guidelines of the Guangdong Medical University. Mice were anaesthetized with 2% isoflurane inhalation and received subcutaneous injections of 1 × 10 6 TE-1 cells that were transfected with SLC1A5 siRNA (PZ Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry siRNA) or control siRNA resuspended in 100 μl of Hanks' balanced salt solution (HBSS) (Gibco, USA). Injections were made into both the right and left ventral flanks of the mice as described previously. After xenograft implantation, survival was monitored for 90 days. In another group of injected mice, tumor growth was analyzed at 3 and 6 weeks after cell implantation in anaesthetized mice. The tumors were harvested at 6 weeks post-implantation, imaged, and weighed prior to western blotting analysis.
Statistical methods
Data are expressed as the means ± standard deviation (SD). All experiments were performed with at least three replicates and were analyzed using a Mann-Whitney U-test or one-way ANOVA in GraphPad Prism v. 6. All statistical tests were two-sided. P-values less than 0.05 were considered statistically significant.
Results
SLC1A5 expression is increased in esophageal cancer
The demographic characteristics of the patients enrolled in this study are shown in Table 1 . Immunohistochemical analysis indicates that SLC1A5 was expressed in 86.5% (32/37) of the cancer tissue samples obtained from patients with esophageal cancer (Fig. 1A) . Furthermore, our western blotting analysis showed that SLC1A5 expression in the cancer tissues was significantly higher than in the paired adjacent normal tissues (Fig.  1B) . These results confirm that there is a significant increase in SLC1A5 expression in esophageal cancer.
SLC1A5
knockdown suppresses esophageal cancer cell growth We also examine SLC1A5 protein expression in several human esophageal cancer cell lines, including ECA109, TE-1, EC9706, and HEEC, by western blotting. Our results indicate high expression of SL-C1A5 in all four cell lines (Fig. 2A) . The TE-1 cell line was selected for further study as it expressed the highest level of SLC1A5 compared to other cell lines examined.
Many studies have shown that SLC1A5 plays an important role in cancer cell [20, 21] . Thus, to determine if SLC1A5 directly affects esophageal cancer cell growth in vitro, we utilized three SLC1A5 siRNAs (PZ siRNA, 1966 siRNA, and 1520 siRNA) to silence SLC1A5 expression in TE-1 cells. Our results show that PZ siRNA significantly decreased SLC1A5 expression compared to the control siRNA, while 1520 siRNA and 1966 siRNA did not significantly affect SLC1A5 expression (Fig. 2B) .
Cellular Physiology
SLC1A5 knockdown suppresses glutamine metabolism by altering mTOR signaling PZ siRNA was selected for our subsequent experiments as it was the most successful at knocking down SLC1A5 expression (Fig. 3A) . We also observed TE-1 cell grown to be significantly inhibited by PZ siRNA compared to that of cells treated with control siRNA (Fig.  3B) .
Glutamine metabolism plays a very important role in cancer development [22] . To determine the effect of SLC1A5 knockdown on glutamine metabolism, we measured glutamine uptake in TE-1 cells transfected with either PZ siRNA or control siRNA. Our data show that SLC1A5 knockdown significantly decreased glutamine uptake in TE-1 cell (Fig.  3C) . Similarly, SLC1A5 knockdown also markedly inhibited leucine uptake (Fig. 3C) . As both glutamine and leucine have been reported to activate the mTORC1 pathway [23] , we also examined the effects of SLC1A5 knockdown on downstream mTORC1 signaling, focusing on T389 phosphorylation of p70S6K, a downstream target of mTORC1. Our results demonstrate that SLC1A5 knockdown reduces p70S6K phosphorylation in TE-1 cells, suggesting that 
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry glutamine deprivation inhibits the mTORC1 pathway in esophageal cancer cells (Fig.  3D) .
SLC1A5 knockdown induces cell cycle arrest and apoptosis in esophageal cancer cells
To detect the effects of SLC1A5 knockdown on TE-1 cell proliferation and apoptosis, we evaluated cell cycle distribution after PZ siRNA transfection. After transfection, almost 80% of the cells transfected with PZ siRNA were in the G0/G1 phase compared to approximately 50% of the cells transfected with control siRNA (Fig. 4A) . To determine if the G0/G1-arrested cells were undergoing apoptosis, the cells were assessed using an annexin V-FITC kit. Notably, approximately 40% of the cells in the PZ siRNA transfected group were annexin V positive compared to only about 3% in cells transfected with control siRNA (Fig. 4B) . These data suggest that SLC1A5 knockdown induces G0/G1 cell cycle arrest and apoptosis in TE-1 cells.
SLC1A5 knockdown suppresses tumor growth in esophageal cancer xenografts
We further examined the effects of SLC1A5 inhibition on tumor growth in vivo. For this analysis, TE-1 cells transfected with PZ siRNA or control siRNA were subcutaneously injected into nude mice. Mice were euthanized 3 to 6 weeks after injection depending on the size of the control siRNA tumors. Our results show that the control siRNA tumors were significantly larger than the PZ siRNA tumors (Fig. 5A) . Moreover, we also confirmed that the expression of SLC1A5 was indeed downregulated in the PZ siRNA tumors (Fig. 5B) . p70S6K phosphorylation was also significantly decreased in the PZ siRNA tumors compared to that in the control siRNA tumors (Fig. 5C ). Another group of mice was kept for observation for 90 days to evaluate the survival rate, and the mice transplanted with PZ siRNA-treated TE-1 cells survived significantly longer that those transplanted with control siRNA-treated cells (Fig. 5D ).
Discussion
Glutamine transporters play important roles in metabolism and amino acid homeostasis in a variety of cells and tissues [24] . At a concentration of 0.6-0.9 mM in plasma, glutamine is the most abundant non-essential amino acid under normal conditions [25] . However, glutamine may become conditionally essential in rapidly proliferating cells, such as dividing cancer cells [26, 27] , because of the rapid uptake and utilization of this amino acid as the cells tries to maintain homeostasis. SLC1A5 is a high-affinity transporter of glutamine that is present in various cancers. Emerging functional studies also indicate that SLC1A5 inhibition retards cancer cell growth and survival [20] . However, while research shows increased SLC1A5 expression in esophageal carcinomas, the biological significance of this expression 
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry in cancer development has not been determined. In the present study, we report the clinical relevance of SLC1A5 in esophageal cancer using both in vitro and in vivo analyses. To our knowledge, this is the first time the effects of SLC1A5 expression have been evaluated in this type of cancer. Recent studies have indicated that SLC1A5 is highly expressed in many varieties of cancer. In pancreatic cancer, for example, SLC1A5 was expressed in 54% (52/97) of tumors, and it is a promising pathological marker for predicting the likelihood of survival [13] . Moreover, Shimizu et al [10] . reported that SLC1A5 is expressed in 66% of patients suffering from non-small cell lung cancer. Similarly, our data indicate that SLC1A5 was expressed in 86.5% (32/37) of the esophageal cancer tissues collected in this study. We also detected obvious SLC1A5 expression in the esophageal cancer cell lines ECA109, TE-1, EC9706, and HEEC, thus confirming SLC1A5 expression in esophageal cancer. This expression also indicates a possible function in cancer pathogenesis.
Glutamine transport inhibition has been shown to attenuate the growth of human colon carcinoma [15] , non-small cell lung cancer [17] , prostate cancer [28] , and melanoma cells [19] . To explore the role of the glutamate transporter SLC1A5, we employed a synthetic siRNA system to knockdown SLC1A5 expression in cultured human esophageal cancer cells and found that SLC1A5 downregulation significantly inhibited cell proliferation.
Furthermore, amino acid transporters play an important role in promoting cell cycle progression, particularly through the G0/G1 phase, which is a critical process for protein and DNA synthesis that is required to maintain life. Notably, Miko et al [20] . demonstrated that siRNA-mediated SLC1A5 downregulation in lung cancer cells results in cell cycle arrest in G1 and inhibits mTOR signaling. Similarly, in our analyses, SLC1A5 knockdown resulted in cell cycle arrest in the G0/G1 phase and increased apoptosis in these cells. Thus, SLC1A5 downregulation appears to impair survival and growth in TE-1 cells. This is not altogether surprising as SLC1A5 is an important amino acid transporter and disruption of its expression could be expected to alter related downstream processes. Indeed, Mohamed Hassanin et al [17] . demonstrated that targeting SLC1A5 in non-small cell lung cancer cells induces apoptotic cell death by impairing their ability to uptake sufficient glutamine from the extracellular environment. Induction of apoptosis has also been reported after blocking other amino acid transporters, including xCT (SLC7A11) in triple negative breast cancer as well as SCLC24 and LAT1 (SLC7A5) in human oral epidermoid carcinoma, human osteogenic sarcoma, and C6 rat glioma [17] . Our results also demonstrate that downregulation of SLC1A5 expression with PZ siRNA interferes with the uptake of glutamine, leading to apoptosis. 
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Recent studies have revealed novel functions for glutamine in sustaining cellular growth and modulating the mTOR signaling pathway that are independent of its metabolic role [10, 29] . In fact, the cytostatic consequences of targeting SLC1A5 activity can be explained, at least in part, by the inactivation of mTOR signaling in addition to the depletion of the intracellular glutamine pool necessary for macromolecule biosynthesis in esophageal cancer. The amino acid is, therefore, multifaceted, being critical for cancer cell growth and proliferation, serving as a signaling molecule, activating mTOR, and acting as an important nitrogen donor for the biosynthesis of amino acids, proteins/macromolecules, and nucleotides (purines/ pyrimidines) [5] . In regards to mTOR signaling, the role of glutamine or glutaminolysis has been shown to be essential for the specific activation of mTORC1 signaling, which regulates protein translation and cell proliferation in many types of cancer. Cancer cells require exogenous glutamine for proliferation, supplying tricarboxylic acid (TCA) cycle intermediates, lipid synthesis, mTOR activity, and neutralization of reactive oxygen species [29] . Furthermore, a study by van Geldermalsen et al [30] . demonstrated that pharmacological inhibition of SLC1A5-mediated transport significantly prevents glutamine uptake, mTORC1 signaling activation, cell growth, and proliferation.
Notably, consistent with our in vitro study, our in vivo results demonstrate that the survival rate of mice exposed to TE-1 cells transfected with SLC1A5 siRNA was significantly improved compared to TE-1 cells transfected with control siRNA. The tumors isolated from mice injected with SLC1A5 siRNA-transfected cells were also significantly smaller in size and had decreased p70S6K phosphorylation compared to those harboring control siRNAtransfected cells. Thus, it is apparent that silencing SLC1A5 in esophageal tumors could greatly enhance survival.
In summary, we investigated the role of SLC1A5 in esophageal cancer using a combination of in vitro and in vivo approaches. Our results indicate that SLC1A5 expression is increased in tumor samples from esophageal cancer patients, and downregulation of SLC1A5 inhibited cell cycle progression and esophageal cancer growth. To our knowledge, this is the first time the biological significance of SLC1A5 has been evaluated in esophageal cancer in this manner. Our data, in combination with other resent insights in the field, indicate a potential therapeutic benefit of targeting SLC1A5 in esophageal cancer patients.
